[1] Large, clockwise, vertical axis tectonic rotations of the Hikurangi margin, East Coast, New Zealand, have been inferred over both geological and contemporary timescales, from paleomagnetic and geodetic data, respectively. Previous interpretations of paleomagnetic data have laterally divided the margin into independently rotating domains; this is not a feature of the short-term velocity field, and it is also difficult to reconcile with the large-scale boundary forces driving the rotation. New paleomagnetic results, rigorously constrained by field tests, demonstrate that late diagenetic growth of the iron sulfide greigite has remagnetized up to 65% of sampled localities on the Hikurangi margin. When these remagnetizations are accounted for, similar rates, magnitudes, and timings of tectonic rotation can be inferred for the entire Hikurangi margin south of the Raukumara Peninsula in the last 7-10 Ma. Numerous large (50-80°) declination anomalies from magnetizations acquired in the late Miocene require much greater rates of rotation (8-14°Ma À1 ) than the presently observed rate of 3-4°Ma À1
Introduction
[2] The Hikurangi margin, on the East Coast of New Zealand, structurally links the Tonga-Kermadec subduction zone north of New Zealand, with associated slab roll-back and back-arc spreading, to a zone of intracontinental transpression on the South Island of New Zealand, where underthrusting of buoyant continental crust (the Chatham Rise) impedes subduction and transfers interplate motion to the Marlborough and Alpine-Wairau faults ( Figure 1a ). This transition is associated with subduction of anomalously thick oceanic crust of the Hikurangi Plateau Wood and Davy, 1994] beneath the East Coast of the North Island.
[3] Vertical axis tectonic rotations are an important feature of crustal deformation in this region, on both decadal and geological timescales. The short-term velocity field, derived from a combination of geodetic data and Quaternary fault slip rates [e.g., Beanland et al., 1998; Wallace et al., 2004] , indicates that the entire fore arc is actively rotating clockwise at $3-4°Ma À1 with respect to the Australian plate ( Figure 1a ). Paleomagnetic studies of tectonically uplifted marine sediments on the eastern North Island and northeastern South Island [Walcott et al., 1981; Walcott and Mumme, 1982; Mumme and Walcott, 1985; Wright and Walcott, 1986; Mumme et al., 1989; Roberts, 1992 Roberts, , 1995a Vickery and Lamb, 1995; Thornley, 1996; Little and Roberts, 1997] also report large clockwise declination anomalies (Figure 1b) , that indicate tectonic rotations have been a long-term feature of deformation on the Hikurangi margin. Declination anomalies of 30 -40°have been reported from late Miocene (6 -11 Ma) sediments from the central part of the margin [Wright and Walcott, 1986] ; early Miocene sediments from the northeast North Island (Raukumara Peninsula) indicate no tectonic rotation with respect to the Australian plate [Walcott and Mumme, 1982; Mumme et al., 1989; Thornley, 1996] ; and sparse data from the southern North Island have been interpreted to indicate late Miocene rotations that had ceased by 2 Ma [Walcott et Smith and Sandwell [1997] ). Subduction of thickened oceanic crust (the Hikurangi Plateau) beneath the Hikurangi margin links subduction and back-arc spreading north of New Zealand with intracontinental transpression on the Alpine and Marlborough fault systems; the Hikurangi margin rotates clockwise in response to this transition. The rotating fore arc is divided into a number of separate blocks to account for slip on faults of the North Island Dextral Fault Belt (NIDFB), following Wallace et al. [2004] . SFB, South Fiji Basin; HT, Havre Trough; TVZ, Taupo Volcanic Zone; MFZ, Marlborough Fault Zone. (b) Proposed division of the Hikurangi margin into independently rotating ''domains'' (shaded) based on inferred differences in tectonic rotations recorded by paleomagnetic data (squares) [cf. Walcott, 1989] . (c) Reconstruction of the Hikurangi margin at 20-23 Ma, following Rait et al. [1991] , with early Miocene thrust belts realigned along a NW-SE trending margin that has subsequently rotated up to 90°c lockwise. ECA, East Coast Allochthon; ChR, Chatham Rise. al., 1981; Lamb, 1988] . In the Marlborough region (northeast South Island), two distinct periods of rotation, in the early Miocene and from the early Pliocene (circa 4 Ma) onward, have been observed [Walcott et al., 1981; Lamb, 1988; Roberts, 1992 Roberts, , 1995a Vickery and Lamb, 1995; Little and Roberts, 1997; Hall et al., 2004] . These observations led to the proposal that the margin is divided into discrete, fault-bounded ''domains,'' with independent tectonic histories [Lamb, 1988; Walcott, 1989] (Figure 1b ). However, aspects of this model are difficult to reconcile with the current geodynamics and structure of the Hikurangi margin. Wallace et al. [2004] modeled contemporary deformation using a number of rotating blocks, bounded by major faults of the North Island Dextral Fault Belt (NIDFB) [Beanland, 1995] , but these blocks do not correlate to the paleomagnetically defined domains, and they all have similar rates and poles of rotation ( Figure 1 ). Present-day rotation of the margin appears to be linked to a gradual southward increase in the thickness of the subducting Hikurangi Plateau, from 10 to 15 km (Figures 1a and 2 ), which gradually increases coupling across the plate interface [Reyners, 1998] , and creates a smooth margin-normal shear gradient that is most easily accommodated by bulk clockwise rotation of the entire margin [Walcott, 1989; Wallace et al., 2004] . The domain model suggests much smaller-scale variation of the forces driving rotation, and structures capable of accommodating large differential rotations between adjacent blocks are not readily apparent in either the surface or subsurface geology. Postulated ''tears'' in the subducting plate [Reyners, 1983; Smith et al., 1989] , thought to correlate to the boundaries of the paleomagnetic domains, have since been ruled out by high-resolution surveys of seismicity along the plate boundary [Ansell and Bannister, 1996] (Figure 2 ).
[4] Prior to the development of key features of the current tectonic regime, including the NIDFB and the Taupo Volcanic Zone (TVZ), since 1 -2 Ma [Beanland, 1995; Wilson et al., 1995; Beanland et al., 1998 ], different structures must have been involved in accommodating interplate motion. The mismatch between paleomagnetically and geodetically determined rotations may therefore be a consequence of the ongoing evolution of structures in the New Zealand plate boundary zone. However, reconciling paleomagnetic with other geological data has still proven difficult, with numerous alternative reconstructions being proposed [King, 2000, and references therein] . At the other extreme from the domain model, the large disparity between the southwestward transport directions of the Northland and East Coast allochthons [Stoneley, 1968; Spörli, 1982; Rait, 2000] , which were obducted in the late Oligocene -early Miocene (20 -25 Ma) [Rait et al., 1991] , and the northeastward shortening direction recorded by the coeval Wairarapa thrust belt [Chanier and Férrière, 1989] , have been cited as evidence that the entire Hikurangi margin south of the Raukumara Peninsula has coherently rotated up to 90°c lockwise since the early Miocene [Rait et al., 1991] , prior to which it shared the northwest-southeast trend of the early Miocene Northland arc [Herzer, 1995] (Figure 1c) . However, this model requires several hundred kilometers of Neogene shortening in the southern North Island, which appears to be inconsistent with fault displacements in the southern fore arc [Nicol and Beavan, 2003] and the low metamorphic grade of rocks in this region [Field et al., 1997] .
[5] These difficulties may, in part, be due to problems with existing paleomagnetic data. The strong present-day field (PDF) overprints common in this region were often not completely removed by the blanket demagnetization tech- Table 1; Figures 3a, 3b , and 3d use information from the QMAP data set [Mazengarb and Speden, 2000; Lee and Begg, 2002] ; Figure 3c is modified from Kingma [1962] .
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ROWAN AND ROBERTS: TECTONIC ROTATIONS, HIKURANGI MARGIN niques frequently used in early studies . More significantly, the magnetization of New Zealand Neogene marine sediments is commonly carried by the authigenic iron sulfide, greigite (Fe 3 S 4 ) [Roberts and Turner, 1993; Roberts, 2005, 2006] . Numerous studies have shown that where greigite is present, remanence acquisition can occur during late diagenesis, potentially several million years after deposition [e.g., Florindo and Sagnotti, 1995; Horng et al., 1998; Jiang et al., 2001 Data from these localities are presented fully by . c Data from these localities are presented fully by Rowan and Roberts [2006] . acquisition can be properly constrained by structural field tests, the magnetization often postdates deposition by several million years. Recognition of widespread remagnetizations results in a substantially modified history of Neogene tectonic rotations on the Hikurangi margin.
Sample Collection and Paleomagnetic Analysis
[7] Standard (25 mm diameter) paleomagnetic cores were collected from 38 localities distributed along the Hikurangi margin ( Figure 3a and Table 1 ). The approximate stratigraphic intervals sampled at these localities are shown on generalized stratigraphic columns in Figure 4 . Fine-grained sedimentary sequences with unambiguous and consistent bedding orientation were targeted in all cases. Continuous exposures of >10 m of section were preferred to ensure that the effects of geomagnetic secular variation were properly averaged. To minimize viscous magnetic overprints, weathered surficial material was removed from the outcrop prior to sampling, and, upon retrieval, cores were immediately placed in a mu-metal shield. Cores were cut into samples of 21 mm length; paleomagnetic measurements were then made using a 2G-Enterprises cryogenic magnetometer (sensitivity of $10 À12 A m 2 ), situated in a magnetically shielded laboratory at the National Oceanography Centre, Southampton (NOCS). Both thermal (40°steps from 80°C to 400°C) and alternating field (AF) (5 mT steps to 60 mT) demagnetization techniques were used; low-field bulk magnetic susceptibility was measured for thermally demagnetized samples after each heating step to monitor for thermal alteration.
[8] Characteristic remanent magnetization (ChRM) directions were calculated using principal component analysis of stepwise demagnetization data [Kirschvink, 1980] . Mean directions and confidence limits for stably magnetized localities were calculated according to Fisher [1953] . If great circle demagnetization paths were observed at localities where strong overprints were prevalent, they were used to better constrain the mean direction [McFadden and Table 1 . Adapted from Field et al. [1997] with additional information from Neef [1992] , Davies et al. [2000] , Mazengarb and Speden [2000] , and Francis et al. [2004] . McElhinny, 1988] . Where localities of similar age were distributed across well-defined structures, a fold test [Tauxe and Watson, 1994] was applied to ChRM data to constrain the timing of remanence acquisition.
Results

Demagnetization Behavior
[9] Rock magnetic and scanning electron microscope observations of the studied sediments Roberts, 2005, 2006] indicate that they commonly contain variable mixtures of single domain and superparamagnetic greigite, which grew authigenically within the sediments at various stages of diagenesis. Thermal demagnetization behavior, including unblocking at 250 -350°C and the onset of thermal alteration (indicated by large increases in low-field bulk magnetic susceptibility) above 350°C, is also consistent with the presence of greigite in many of our samples [cf. Roberts, 1995b] . The natural remanent magnetization (NRM) of all samples was weak (typically <10 À4 A m À1 ). In geographic coordinates, a PDF overprint (declination (D) = 20°, inclination (I) = À64°) was also commonly observed. This overprint can be linked to pyrite oxidation that is probably associated with modern groundwater percolation , and its variable strength exerts a major control on demagnetization behavior, which fell into three main classes ( Figure 5 and Table 1 ):
[10] 1. Class S behavior was observed at 12 of the 38 studied localities (33%). The viscous overprint is weak and is removed at low temperatures (<150°C) and AFs (<20 mT), allowing a stable ChRM to be easily isolated (Figures 5a and 5b ). At many of these localities, both AF and thermal demagnetization appear to be equally effective at isolating the ChRM.
[11] 2. Class SO behavior was observed at 11 further localities (29%). The viscous overprint is much stronger, and AF demagnetization was generally ineffective, as has often been the case for New Zealand Cenozoic sediments [Turner et al., 1989; Pillans et al., 1994; Roberts et al., 1994; Turner, 2001] . Thermal demagnetization data often follow great circle paths toward the ChRM (Figures 5c and 5d), although in many cases a stable end point is not reached (e.g., Figure 5d ).
[12] 3. Class PDF behavior was observed at 13 localities (34%). No ChRM appears to be present; progressive removal of the PDF overprint reveals no stable component at higher temperatures or at higher applied fields (Figures 5e and 5f). At these sites, pervasive iron sulfide oxidation has evidently destroyed any ancient magnetization.
[13] Demagnetization data for two remaining localities (4%; class U, uncertain, in Table 1 ) proved difficult to interpret, having no obvious PDF overprint and anomalous ChRM directions with shallow inclinations.
Mean Paleomagnetic Directions
[14] Mean paleomagnetic directions for type S and SO localities are listed in both geographic and tilt-corrected coordinates in Table 2 ; tilt-corrected ChRM data for these localities, along with representative great circle demagnetization paths where appropriate, are plotted in Figure 6 . The reliability of the mean directions calculated for some type SO localities may be questionable due to the small amount of data available, which makes it difficult to assess whether the strong PDF overprint has been completely removed (e.g., FP, PC; see also discussion by ).
[15] Paleomagnetic declinations (from tilt-corrected mean directions, with errors calculated according to Demarest [1983] ) are plotted against depositional age for all localities in Figure 7 . There is a large amount of scatter in these data, with some of the largest differences in the measured declination (as much as 80°) recorded by sediments of the same age at localities in close proximity to each other (e.g., SB, TP). Additionally, rotations of >80°are recorded by late Miocene sediments, which would require tectonic rotation at substantially higher rates than are presently observed in the short-term velocity field [e.g., Wallace et al., 2004] . However, as stated previously, the assumption that the ChRM dates from the time of deposition is invalid for at least some, and possibly many, of these localities, due to the widespread occurrence of authigenic greigite. In several cases, greigite has formed during late diagenesis, a million years or more after deposition Roberts, 2005, 2006] . Taking the declination-age plot in Figure 7 at face value could therefore be highly misleading; rigorous constraints on the timing of magnetization are required to develop a more accurate picture of the rotation history of the Hikurangi margin.
Constraints on the Timing of Remanence Acquisition
[16] Attempts to establish the age of the ChRM using paleomagnetic field tests, primarily the fold test of Tauxe and Watson [1994] , was in many cases frustrated by the prevalence of strong PDF overprints, which led to the loss of useful data at critical sites. However, careful analysis of stable magnetizations at neighboring sites, and the local structural context, enables limits to be placed on the timing of remanence acquisition at 16 of the 23 stably magnetized localities, although in some cases these age constraints remain broad (Table 2) . Constraints on individual localities are discussed in more detail in sections 3.3.1 and 3.3.2, which are subdivided according to their position on the . Equal-area stereographic plots of tilt-corrected ChRM directions, and mean directions with 95% confidence limits, for all localities in this study where a stable magnetization was isolated. Solid (open) circles represent data plotted in the lower (upper) hemisphere; n is the number of samples used for the calculation; the number in parentheses, if present, records the number of great circle demagnetization paths that were used to constrain the mean direction (representative great circles are plotted for localities where they were used). Hikurangi margin; the ''central'' and ''southern'' regions are roughly equivalent to the Wairoa and Wairarapa domains of Walcott [1989] (Figure 1b) . 3.3.1. Central Margin 3.3.1.1. Rakauroa Region
[17] Reversed polarity magnetizations in early Miocene (Otaian) sediments at Oliver Road (OR) and Matawai Station (MS) (Figure 3b ) predate early Miocene (Altonian) folding . The small declinations observed (<20°; Figure 6 ) are consistent with expected values for the Australian plate [Idnurm, 1985] (Figure 7 ), indicating negligible Neogene tectonic rotations in this area. This contrasts with the large declination anomaly reported from this region by Mumme and Walcott [1985] , which resulted from incomplete removal of a PDF overprint . Many other localities sampled in this area were also compromised by strong PDF overprints (Table 1) . A stable ChRM was isolated from early Miocene sediments at Mokonui Bridge (MB) (Figures 3b and 6 ), but the timing of the magnetization cannot be constrained in this case.
Wairoa Syncline
[18] Many localities distributed across the Wairoa Syncline, to the south of Rakauroa (Figure 3b ), were also affected by strong PDF overprints, which often obscured the primary paleomagnetic signal (Table 1) . Of the six localities from which a stable ChRM was retrieved, no constraints could be placed on the timing of magnetization at Ngatara-Poha (NP), Paparatu Cottage (PC) and Mangapoike River (MK); mean declinations and inclinations from these localities are plausible both before and after tilt correction (Table 2) . Only results from Te Korau Farm (TF) and Ngatimita (NG) could be subjected to a fold test, which indicates that remanence acquisition occurred before folding of the Wairoa Syncline (Figures 8a and 8b) . These localities yielded tilt-corrected declinations of 54 ± 2°and 62 ± 4°, respectively ( Figure 6 ). South of the Waerengaokuri Fault, a large, reversed polarity declination of 78 ± 5°at Cheviot Hills (CH) also appears to record a prefolding magnetization: in geographic coordinates the mean direction is unrealistic, with a large declination requiring 140°of tectonic rotation, and a shallow inclination ( Figure 8a and Table 2) . Unfortunately, at all of these localities a large time window exists between deposition in the middle Miocene and folding from the Pliocene onward [Field et al., 1997] , meaning that constraints on the age of their magnetizations remain broad. Declinations at TF and NG are 20°smaller than at CH (Table 2) , which may indicate later and earlier forming magnetizations, respectively; this discrepancy could also be due to differential rotations across the Waerengaokuri Fault, but there is no indication that this structure has substantially altered the trend of the earlier-forming Wairoa Syncline, as would be expected if this was the case (Figure 3b ).
Coast
[19] Coastal sampling between Mahia Peninsula and Tolaga Bay (Figures 3a and 3d ) proved particularly successful, with most localities having easily removed PDF overprints and stable paleomagnetic directions (Tables 1  and 2 ). However, remagnetizations are common. Fold tests indicate that the normal and reversed polarity magnetizations recorded in a late Miocene sequence on Mahia Peninsula (localities TC, PP, NR; Figures 3a and 6) were acquired during folding at 4-6 Ma; the reversed polarity magnetization was acquired demonstrably earlier than the normal polarity magnetization (at 79% and 44% unfolding, respectively ). After a partial fold correction, ChRMs from these localities combine to give a mean declination of 49 ± 5°at 4 -6 Ma.
[20] Further to the north, two differently timed magnetizations with opposite polarity have also been recorded in Figure 7 . Tilt-corrected declinations plotted against depositional age at all localities where a stable ChRM was isolated. Localities have been subdivided according to their position on the margin; the northern, central, and southern Hikurangi margin are roughly equivalent to the Raukumara, Wairoa, and Wairarapa domains of Walcott [1989] .
late Miocene sediments near Tolaga Bay (locality WU, Figure 3a ). In this case, however, there is a 60°difference in declination between the mean directions of the reversed and normal polarity magnetizations ( Figure 6 ), which requires several million years of tectonic rotation between their respective acquisition times . The normal polarity magnetization must therefore date from close to the time of deposition and the reversed polarity magnetization was acquired much later, but before the last polarity reversal at 0.78 Ma.
[21] Four other coastal localities were also sampled from middle-late Miocene rocks near Gisborne (Figure 3d ), in an area that has undergone at least two separate periods of deformation since the late Miocene. At Tatapouri Point (TP) and Makarori Point (MP), middle Miocene sediments of the Tuaheni Point Formation (Figure 4) [Neef, 1992] have been folded into a syncline, which has then been disrupted by emplacement of a smectite diapir, causing a 20-25°clock-wise rotation of the fold axis at MP with respect to TP (Figure 3d ). Tilt-corrected paleomagnetic data indicate large ($100°) clockwise declination anomalies at both sites (Figure 6 ), but the apparent rotation is larger at TP than at MP. With no tilt correction applied, however, the declination at MP is 27°more rotated than at TP (Table 2 and Figure 8c ); this is much more consistent with the structural evidence, and suggests that remanence acquisition at these sites occurred after folding of the syncline, but before emplacement of the diapir. When the data from MP are corrected for a 25°local rotation, a fold test confirms a postfolding remanence (Figure 8d ) with a mean declination of 51 ± 2°( Table 2 ). The first generation of folding also affects late Miocene sediments (Figure 3d) , and diapir emplacement occurred in the late Miocene and Pliocene [Neef, 1992; Field et al., 1997] . Remanence acquisition therefore appears to have occurred at the end of the Miocene.
[22] At Sponge Bay (SB), sediments of equivalent age to those sampled at localities MP and TP are steeply tilted as a result of late Miocene -Pliocene diapir emplacement (Figure 3d ). This deformation postdates the folding at the other two localities, and therefore a fold test cannot be used to constrain the magnetization age. However, a prefolding remanence appears likely because the mean direction at SB has an unrealistically shallow inclination in geographic coordinates (Figure 8c ). The tilt-corrected declination of 39.3 ± 5.3°indicates slightly less rotation than the corrected declination from the MP and TP localities, which suggests, Here n is the number of samples; the superscript number indicates the number of great circle arcs used to constrain the mean direction according to McFadden and McElhinny [1988] . Errors on corrected declinations are calculated according to Demarest [1983] .
but does not conclusively demonstrate, a late prefolding remagnetization. In contrast, shallow tilting of late Miocene sediments at Turihaua Point (TH; Figure 3d ) cannot be dated with any confidence, so no constraints on remanence acquisition are possible for this locality. A moderate to large tectonic rotation is indicated in both geographic and tiltcorrected coordinates ( Figure 8 . Constraints on the timing of remanence acquisition at localities from (a, b) the Wairoa Syncline, (c, d) the coast north of Gisborne, and (e -g) southern Hawke Bay. Stereoplots depict mean directions in tilt-corrected and geographic coordinates. Fold tests follow the method of Tauxe and Watson [1994] ; variation of the principal eigenvector t 1 with various degrees of unfolding is depicted with dashed lines for different para-data sets, the distribution of maxima for these data sets is shown by the histogram, and the grey shading represents the 95% confidence interval.
proved to be strongly affected by PDF overprints. Even at the two localities where a stable remanence was isolated, from early late Miocene sediments at Blackhead Beach (BH) and around a tuff horizon of similar age on Whangaehu Beach (WT), few samples yielded reliable ChRMs after demagnetization (Figure 6 ). A fold test indicates a late synfolding magnetization, but the paucity of data, and the similar bedding tilt at these two localities (Table 1) produces a partial tilt correction with a broad 95% confidence interval of 2 -62% (Figure 8f) .
[24] Much better data were obtained from Titoki Road (TI, Figures 3a and 3c and Table 2 ). Although these sediments are middle Miocene rather than late Miocene in age, all Miocene strata in this area were folded by the same deformation episode, from the late Miocene -Pliocene onward [Kelsey et al., 1995; Field et al., 1997] (Figure 3c ). To test for the presence of a synfolding magnetization at TI, a fold test was performed on the combined ChRM data from TI, BH, and WT. This indicates a synfolding magnetization acquired at 48-63% tilt correction (Figure 8g ), which is within the 95% confidence interval of the fold test for BH and WT alone (Figure 8f ), but is much better constrained due to the inclusion of additional data from TI. These results suggest a similarly timed synfolding magnetization at all three localities. Applying a partial tilt correction of 56% to the ChRM data from TI, BH, and WT produces a corrected declination of 60 ± 2°for an assumed magnetization age of 4 -9 Ma (Table 2) .
Wairarapa
[25] Three localities were sampled in the Wairarapa region (Figure 3a) , two of which were affected by a strong PDF overprint. Few samples from Flat Point (FP), and none from Brancepeth (BP), reached a stable end point on demagnetization. The paleomagnetic mean directions for these two localities therefore rely heavily upon demagnetization great circle data (Figure 6 ), making these directions potentially unreliable. Furthermore, no ChRM data are available for fold tests to constrain the timing of remanence acquisition. In contrast, at Okau (OK) the PDF overprint was easily removed, allowing a ChRM to be isolated in most samples (Figure 6 ). The calculated mean direction has an anticlockwise declination anomaly in geographic coordinates (Figure 8e and Table 2 ), which indicates that the magnetization predates early Miocene (Altonian) folding associated with movement on the nearby Adams-Tinui Fault [Field et al., 1997] . In tilt-corrected coordinates, the paleomagnetic declination is 76 ± 3°( Figure 6 and Table 2), which is similar to those obtained from the potentially less reliable FP and BP localities (Figure 6 ).
Discussion
Inferred Tectonic Rotations
[26] In order to properly reconstruct Neogene deformation of the Hikurangi margin, the paleomagnetic data set has been reduced to those localities where the timing of remanence acquisition can be reliably constrained, with appropriately corrected declinations for localities with verified synfolding magnetizations (Table 2 and Figure 9a ). This reduced data set provides a number of new insights into the pattern of tectonic rotations on the East Coast of New Zealand.
[27] Our data confirm that part of the northern Hikurangi margin has not tectonically rotated over geological timescales. Although substantial rotations are observed as far north as Tolaga Bay (locality WU) on the coast (Figure 3a) , localities further inland (OR and MS; Figure 3b ) indicate no measurable tectonic rotation with respect to the Australian plate during the Miocene (Figure 9a) . A similar, small, tiltcorrected declination at locality MB just south of the Rakauroa Fault (Figure 3b ) is also consistent with negligible tectonic rotation (Figure 9b ), but in the absence of constraints from field tests, the possibility of a late remagnetization cannot be excluded in this case. The spatial distribution of these localities indicates that the boundary between the unrotated and rotated parts of the Hikurangi margin runs ENE, between the Rakauroa and Waerengaokuri faults, before intersecting the coast north of Tolaga Bay (Figure 10a ). This ENE-WSW trend contrasts with previous studies, which have proposed a NW-SE trending boundary running between the Bay of Plenty and Gisborne, with differential rotation being accommodated by dextral strike slip on the Otoko-Totangi, Rakauroa and Waerengaokuri faults [e.g., Lamb, 1988] .
[28] For the central Hikurangi margin (the ''Wairoa'' domain of Walcott [1989] ), the best constrained data come from the coastal region, where declinations of 50 -60°r ecorded by late Miocene -Pliocene remagnetizations at Mahia Peninsula (TC, PP and NR) and at localities TP and MP, and the 90°declination of the early forming remanence at WU, represent tectonic rotations with respect to the Australian plate of 45 -55°and $80°, respectively. Such large rotations cannot be accounted for by long-term rotation of the Hikurangi margin at the presently observed rate of 2.8-3.8°Ma
À1 [Wallace et al., 2004] (Figure 9a ). Data from further inland are more difficult to interpret due Figure 9 . (a) Plots of corrected declinations versus magnetization age for localities where the timing of remanence acquisition can be constrained by field tests. Dotted lines indicate predicted declinations from extrapolation of tectonic rotation at present-day rates (hatched area) [Wallace et al., 2004] and from higher rates before 1 -2 Ma (these rates exclude the 1°Ma À1 clockwise rotation due to drift of the Australian plate [Idnurm, 1985] , which is also plotted). The shaded area represents a best fit rotation history based on these data. (b) Tilt-corrected declinations plotted against depositional age for localities where the timing of remanence acquisition could not be constrained by field tests. Data for some localities fall below the best fit rotation history from Figure 9a , suggesting that they have been remagnetized. (c) Previously published paleomagnetic data from the Hikurangi margin [Walcott et al., 1981; Walcott and Mumme, 1982; Mumme and Walcott, 1985; Wright and Walcott, 1986; Lamb, 1988; Roberts, 1992; Vickery and Lamb, 1995] , plotted against the best fit rotation history from Figure 9a . Smaller, light grey diamonds mark localities thought by to be compromised by strong PDF overprints.
to large uncertainties in the timing of remanence acquisition; however, the declinations of 50 -60°recorded at localities TF and NG appear to be carried by late forming magnetizations, which formed closer to Pliocene folding than to middle Miocene deposition (section 3.3.1). If this is the case, then assuming that the presently observed regional deformation pattern has persisted during the Quaternary (see section 1), a best fit for all of the new data from the central Hikurangi margin requires rotation rates of 8 -14°Ma À1 relative to the Australian plate (most likely $9°Ma À1 ) between 7 -10 Ma and 1 -2 Ma (shaded region on Figure 9a ). Further south along the Hikurangi margin, the declination of 60 ± 2°for a late Miocene -Pliocene synfolding magnetization from southern Hawke Bay (localities WT, BH, and TI), an area previously considered to be part of the ''Wairarapa'' domain (Figure 1b) , is also consistent with higher rates of tectonic rotation during the late Miocene and Pliocene (Figure 9a ). The geographical spread of the data in Figure 9a is sufficient to indicate that rather than being divided into discrete regions with separate tectonic histories, a $400 km section of the Hikurangi margin between Tolaga Bay and Cook Strait appears to have been rotating coherently since the late Miocene.
[29] Although there are few reliable data in our reduced data set regarding middle and early Miocene rotation of the central and southern margin, there is some evidence of substantially reduced tectonic rotation rates before 7 -10 Ma. On the southern Hikurangi margin, the apparently early Miocene magnetization at locality OK records only 10-15°o f additional rotation relative to the Australian plate compared to the late Miocene -Pliocene magnetizations in southern Hawke Bay (Figure 9a ), similar to that expected from large-scale motion of the Australian plate during this period, and consistent with no tectonic rotation before $7 Ma. On the central Hikurangi margin, similar declinations of 80 -90°are recorded both by the early forming, late Miocene magnetization at locality WU and the middle Miocene sediments at locality CH. Although a late Miocene remagnetization at CH cannot be ruled out, the large tectonic rotations observed at these localities approach the maximum suggested by even the most radical tectonic reconstructions [e.g., Rait et al., 1991] . The additional $20°of tectonic rotation observed north of Hawke Bay potentially indicates that rotation initiated 1 -2 Ma earlier in this region than in the south, but the data are insufficient to definitively establish this. It is also possible that localities further inland (TF, NG, and CH) record a slightly lower late Miocene -Pliocene rate of rotation (but still !5°Ma À1 with respect to the Australian plate) than is observed at coastal localities, but it is more likely that this is a reflection of the large uncertainties in the age of remanence acquisition at these localities, rather than a robust systematic difference.
Implications of Widespread Remagnetizations
[30] Difficulties in obtaining good paleomagnetic data from New Zealand Cenozoic sediments, due to their weak magnetization and strong PDF overprints, have been well documented in previous studies [e.g., Walcott and Mumme, 1982; Mumme et al., 1989; Turner et al., 1989; Pillans et al., 1994; Roberts et al., 1994; Turner, 2001; . Our results reemphasize these problems; stable ChRMs without strong PDF overprints were routinely isolated at only 33% of the localities sampled. However, another potential difficulty with paleomagnetic data from the Hikurangi margin, that has not been appreciated in previous tectonic studies, is the presence of late forming magnetizations in these sediments, as a consequence of the widespread growth of authigenic greigite during late diagenesis Roberts, 2005, 2006] . Our results make the scale of this problem clear: at least 9, and possibly 12, of the 16 localities where the timing of remanence acquisition can be constrained have been remagnetized, often several million years after deposition. At localities where the timing of remanence acquisition could not be established, comparison of tilt-corrected declinations to the best fit rotation history provided by well-constrained data suggests that a further 3 localities (BP, NP, TH) may not record a depositional signal (Figure 9b ). If this is the case, then at least 15 out of the 23 stably magnetized localities reported in this study (65%) carry late forming magnetizations, and the broad scatter of declinations seen in Figure 7 is explained by the fact that at many localities, the age of the magnetization does not correlate with the age of the sediments. Widespread remagnetization of sediments on the Hikurangi margin also make it likely that data from previous studies, which were assumed to represent a depositional paleomagnetic signal but are not usually constrained by structural field tests, are similarly affected by late forming magnetizations (Figure 9c ). Only declinations from the Marlborough region [Roberts, 1992 [Roberts, , 1995a (squares in Figure 9c ), which correlate well with deviations in the strike of a vertical structural fabric in the Torlesse basement rocks [Little and Roberts, 1997] , appear to be unaffected by late remagnetizations, and these data also indicate fast Pliocene rotation rates, comparable with those inferred for the North Island in this study.
Comparison of Long-Term Rotation Patterns With Active Deformation
[31] Present-day rotation of the Australia-Pacific plate boundary in the New Zealand region is driven by a couple arising from the transition from subduction to intracontinental transpression (Figure 1a) . Vertical axis rotations on the Australian plate therefore arise as a passive response to the reorientation of the subducting Pacific plate [Walcott, 1989] ; the dominant role of large-scale boundary forces is reflected by the similar rates of rotation along the whole Hikurangi fore arc observed in the short-term velocity field [Wallace et al., 2004] (Figure 1a) . Although data from the southern North Island remain limited, the rigorously constrained paleomagnetic data presented here indicate similar rates and magnitudes of tectonic rotation along the whole Hikurangi margin south of Tolaga Bay since the late Miocene, which strongly suggests that they are a result of the same forces, acting over geological timescales. Coherent rotation of a large section of the East Coast region therefore appears to be a feature of both long-and short-term deformation on the Hikurangi margin. However, there are features of the long-term deformation pattern that still conflict with the short-term velocity field. These features include the negligible Neogene tectonic rotations on the northern Raukumara Peninsula (section 4.1), which presently appears to be rotating at the same rate as the rest of the Hikurangi margin [Wallace et al., 2004; Nicol and Wallace, 2007] (Figure 1a) , and the more rapid late MiocenePliocene rotation of the central and southern Hikurangi margin, at rates at least twice those presently observed. If real, these apparent changes in the extent and movement of the rotating block must reflect temporal changes in how tectonic rotation of the Hikurangi margin has been structurally accommodated within the fore arc.
Structural Accommodation of Large Rotations
[32] Despite the significant spatial variations in vertical axis rotations along the Hikurangi margin proposed in previous studies, many authors have presumed that vertical axis rotations have been a feature of the developing subduction zone since the early Miocene [e.g., Wright and Walcott, 1986] . In contrast, our data suggest little significant rotational deformation during the early and middle Miocene, with initiation of widespread tectonic rotation south of the Raukumara Peninsula only occurring at 8 -10 Ma. Another significant change occurred at $5 Ma, when tectonic rotations initiated in northeast Marlborough; we also suggest that the establishment of the present tectonic regime at 1.5-2 Ma slowed margin rotation to rates Calculated from Cande and Stock [2004] assuming that 50% of marginparallel fore-arc motion is being expressed as internal deformation (on the NIDFB) rather than as rotation.
comparable with those inferred from geodetic studies. These studies also suggest a possible northward expansion of the rotating region to include the Raukumara Peninsula. These inferred transitions possibly mark significant changes in the structures and mechanisms involved in accommodating vertical axis rotations on the Hikurangi margin, even if, as discussed in section 4.3, the underlying geodynamic forces driving these rotations have remained constant.
[33] Coherent rotation of the Hikurangi margin does not necessarily imply that the fore arc is acting as a single rigid ''microplate''; the short-term velocity field indicates negligible differential rotations within the Hikurangi fore arc despite significant internal deformation, principally associated with basement faults of the NIDFB (Figure 1a ) [Wallace et al., 2004] . As a consequence, however, most rotational deformation must ultimately be accommodated by structures at the edges of the deforming region, as demonstrated by the key roles of the TVZ and Marlborough Fault Zone (MFZ) in the present tectonic regime. The large and coherent rotations indicated by our paleomagnetic data require that analogous structures must have been active throughout the last 10 Ma and that they must have accommodated a significant amount of deformation: even with a local pole of rotation, a 70-80°rotation of a 300 -400 km section of fore arc requires $400 km of cumulative deformation at its edges. Although the distribution and density of reliable paleomagnetic data are still insufficient to fully delineate the extent of the deforming plate boundary zone, our revised rotation history allows tectonic rotations on the Hikurangi margin to be more plausibly related to known structures, which, as we discuss in the following sections, can account for a significant fraction of the required intraplate deformation (Table 3) .
Northern Limit of Rotation
[34] On the Raukumara Peninsula, paleomagnetic data indicate that the northern limit of Neogene tectonic rotation is confined to a 10-km-wide zone between the Rakauroa and Waerengaokuri faults inland, and to a 25 km stretch between Tolaga Bay and Tokomaru Bay on the coast (Figure 10a ). The ENE-WSW trending boundary region coincides with an abrupt reduction in crustal thickness on the Australian plate north of Tolaga Bay [Davey et al., 1997; (Figure 2 ), which has reduced the downdip extent of the seismogenic zone [Reyners, 1998; Reyners and McGinty, 1999] . This, combined with the presence of sediments with high pore fluid pressure at the plate interface [Collot et al., 1996; , produces a sharp decrease in interplate coupling between Gisborne and Tolaga Bay [Reyners, 1998] , which might play an important role in allowing large differential rotations between the northern Raukumara Peninsula and the rest of the Hikurangi margin.
[35] Establishing the sense, magnitude and timing of movement on the numerous Neogene faults in the northern hinge area is complicated by uplift and erosion of the sedimentary cover, but a clear change in tectonic style can be identified across the boundary zone. In the northeast, most faults with large (>100 m) displacements are north to northeast trending normal faults [Thornley, 1996] (Figure 10a ). To the south, NE-SW trending structures such as the Wairoa Syncline begin to dominate [Mazengarb and Speden, 2000] , indicating margin-perpendicular shortening.
Inland of the area between Tolaga Bay and Gisborne, however, structures consistent with approximately N-S shortening (e.g., the Waerengaokuri Fault, and the southward plunge of the Wairoa Syncline) and dextral strike slip (e.g., the Otoko-Totangi Fault) are superimposed on this general pattern (Figure 10a) . A combination of extension toward the coast and shortening inland, which may also have contributed to uplift of the Raukumara Range, therefore appear to have accommodated differential rotations in this region, hinged about a zone near the intersection of the Waerengaokuri and Arakihi faults. This mechanism mimics the opening of a cigarette lighter, as schematically illustrated in Figure 10b .
[36] Visual inspection of Figure 10a suggests that $45°o f differential rotation has been accommodated in the region delineated by paleomagnetic data, which is at most 70% of the 60-80°of rotation indicated by the oldest declination anomalies in this region (CH, WU). Contemporary rotation of the Raukumara Peninsula inferred from the short-term velocity field has been cited as evidence that the Raukumara rotation boundary has been inactive during the Quaternary [Nicol and Wallace, 2007] and that more recent rotational deformation has been accommodated on unidentified structures further to the north. Conversely, the clear change in interplate coupling observed in this region and the late Quaternary scarps on several of the faults highlighted in Figure 10a [Thornley, 1996] suggest that the hinge could still be active and that the presently observed structures, most of which are Pliocene or younger in age [Field et al., 1997] , may have obscured an earlier period of deformation (i.e., they have accommodated only the last 5 -6 Ma of differential rotation). The paucity of late Miocene or younger paleomagnetic data north of the rotation boundary currently makes it difficult to test either hypothesis.
[37] Regardless of its timing, deformation associated with the rotation boundary in Figure 10a is unlikely to account for more than a few km of the deformation required to accommodate coherent fore-arc rotation (Table 3) . A more significant contribution comes from back-arc extension in the TVZ since 2 Ma [Wilson et al., 1995] , and in the wider Central Volcanic Region (CVR) from $5 Ma [Stern, 1987] , when back-arc rifting began in the Havre Trough to the north of New Zealand [Wright, 1993] . A 30°clockwise rotation of the Hikurangi volcanic arc in the last 4 Ma [Stern et al., 2006] , which is entirely consistent with our paleomagnetically determined fore-arc rotation history (Figure 9 ), suggests that the western boundary of rotation is associated with this rifting. The average arc migration rate of 21 ± 3 mm a À1 [Cole et al., 1995] (compared to 5 -15 mm a À1 of contemporary extension in the TVZ reported by Wallace et al. [2004] ) provides a maximum estimate of $80 km of Pliocene-Quaternary back-arc extension. In contrast, other than limited late Miocene extension in the northern Taranaki Basin [King and Thrasher, 1992] , any evidence of earlier deformation west of the Raukumara Range has been obscured by younger volcanism and tectonism in the CVR/TVZ.
Southern Limit of Rotation
[38] Paleomagnetic studies have established that there were no tectonic rotations in the Marlborough region during the middle-late Miocene [Roberts, 1992] . At this time, it is likely that the southern limit of rotation was associated with Cook Strait, which appears to represent a major structural discontinuity [Walcott, 1978] (Figure 11a ). The faults of the NIDFB cannot be directly linked across Cook Strait to those in the MFZ [Carter et al., 1988] , and Mesozoic basement terranes are offset by 140 km across what is interpreted to be the eastern termination of the Wairau Fault, which is bent up to 90°clockwise through Cook Strait [Walcott, 1978; Lewis et al., 1994] . This feature alone suggests that significant rotational deformation has been accommodated in this region during the Neogene. The southern limit of rotation also appears to be fundamentally linked to an abrupt increase in crustal thickness on the Pacific plate in this region, which marks the boundary between the Hikurangi Plateau and continental crust of Chatham Rise [EberhartPhillips and Reyners, 1997; Reyners, 1998] (Figure 2 ). Increased interplate coupling across this transition appears to have permanently locked the plate interface off the coast of Marlborough [Collot et al., 1996; Barnes and Mercier de Lepinay, 1997] , with the result that >80% of relative plate motion is currently being accommodated by the MFZ [Holt and Haines, 1995] ; the ''migrating hinge'' which marks the southern limit of Pliocene-Quaternary rotations in northern Marlborough is also associated with this boundary [Little and Roberts, 1997] (Figure 11a ).
[39] The apparent initiation of widespread vertical axis rotation at 8 -10 Ma coincided with a period of tectonic activity over a large area of the southern North Island [King, 2000; Nicol et al., 2002] . The western limit of this activity was in the Taranaki Basin, where Cretaceous normal faults in the southern basin were reactivated as reverse faults (the Southern Inversion Zone of King and Thrasher [1992] ; Figure 11a ). Like the TVZ and NIDFB, the North Island axial ranges (Figure 2 ), which currently act as a backstop to the deforming Hikurangi margin [Nicol and Beavan, 2003] , are geologically young [e.g., Beu et al., 1981; Erdman and Kelsey, 1992; Nicol et al., 2002] ; it is therefore possible that during the late Miocene the plate boundary region extended much further west and that the shortening in the Southern Inversion Zone accommodated rotation of a much wider fore arc (Figure 11 ). Our proposed rotation history predicts $30°of late Miocene rotation (Figure 9 ), which could potentially explain the long-wavelength curvature of Mesozoic basement terranes through the western North Island, including the Maitai Terrane/Junction Magnetic Anomaly [Sutherland, 1999b] (Figures 1a and 11a) , the origin and timing of which remains controversial [e.g., Bradshaw et al., 1996; Sutherland, 1999a] . Although small to moderate (À10 to 40°) declinations have been reported from Oligocene -early Miocene sediments in this region [Mumme and Walcott, 1985] , the use of blanket demagnetization techniques, and the lack of any constraint on the timing of remanence acquisition, make it difficult to assess the significance of these data.
[40] In the Southern Inversion Zone, up to 3 km of exhumation is indicated by offset porosity-depth trends [Armstrong et al., 1998 ] and thermal modeling [Funnell et al., 1996] ; lower crustal thickening observed in deep seismic reflection profiles indicates total Neogene shortening of 70 ± 30 km [Stern et al., 2006] , although this is not necessarily confined to the late Miocene. There was also a moderate amount of late Miocene shortening on reverse faults in the Wairarapa region, including the faults that presently comprise the NIDFB (Table 3) . If faulting in the western South Island marked the edge of the tectonically rotating region in the late Miocene, interplate deformation would have been focused away from the eastern Wairau Fault, causing it to rotate with the rest of the Hikurangi margin to the north (Figure 11b ). The deformation recorded by late Miocene -Pliocene faulting across Cook Strait is poorly constrained [Barnes and Audru, 1999] , but extension in the late Miocene Wairau Basin [Lewis et al., 1994] was probably involved in accommodating this rotation, which eventually led to formation of the MFZ at $5 Ma, to allow the more efficient transfer of interplate motion onto the Alpine Fault. Since that time, the southern boundary of the rotating fore arc has been the migrating hinge of Little and Roberts [1997] , meaning that southwestward translation and rotation of the southern Hikurangi fore arc has been ultimately accommodated by the MFZ (Figure 11b ).
[41] In the present tectonic regime, 35 -75% of the dextral strike-slip that is partitioned into the Hikurangi fore arc is associated with internal deformation on the NIDFB [Wallace et al., 2004] , rather than tectonic rotation. Quaternary reactivation of these faults as dextral strike-slip faults [Beanland, 1995; Beanland et al., 1998 ] resulted from clockwise rotation of the Hikurangi margin relative to a stable Aus-Pac convergence vector [Cande and Stock, 2004] , which led to increased obliquity and partitioning of margin-parallel strain into the fore arc. It is therefore possible that during the Pliocene, when the NIDFB was not active, that all MFZ slip (up to 105 km, assuming 80% of 130 km total interplate motion [Cande and Stock, 2004] ) was accommodating rotational deformation of the Hikurangi margin. Relatively strong interplate coupling at the subduction interface has also resulted in the transfer of $30 km of margin-perpendicular shortening into the southern Hikurangi fore arc since 5 Ma, primarily on faults east of the Mohaka Fault [Nicol and Beavan, 2003] . This shortening contrasts with weaker interplate coupling and Pliocene-Quaternary extension in the north (section 4.4.1), and hence is also associated with rotational deformation. 4.4.3. Summary
[42] As summarized in Table 3 , known deformation within the New Zealand plate boundary region, predominantly in the CVR/TVZ and MFZ, appears to be sufficient to account for large-scale, coherent rotation of the Hikurangi margin in the past 5 Ma, even with the much higher rates of tectonic rotation during the Pliocene implied by our paleomagnetic data. In the late Miocene, however, only 125 km out of 190 km ($65%) of the required deformation can potentially be accounted for, and the principal component of this estimated deformation (the crustal thickening beneath the Taranaki Basin) has uncertain timing. Deformation in the northern fore arc from 10 to 5 Ma is also poorly characterized, however, and the large and rapid rotations of the margin implied by our paleomagnetic data also raise the possibility of late Miocene oblique convergence, and associated strain partitioning. These uncertainties could be greatly reduced by further paleomagnetic sampling west of the present Hikurangi margin, to test the link between deformation in the western North Island and late Miocene fore-arc rotation.
Rotation, Remagnetization, and Collision of the Hikurangi Plateau
[43] Limited paleomagnetic data for the early and middle Miocene indicate no widespread tectonic rotations on the North Island in this time period, despite subduction of the Pacific plate since 23-20 Ma [Rait et al., 1991; King, 2000] . As discussed above, active rotation of the margin appears to be linked to subduction of the Hikurangi Plateau, the downdip extent of which is still poorly resolved. Thickened oceanic crust has been inferred on the subducted slab at depths of 15 to 30 km using ScSp conversions [Bourne and Stuart, 2000] , and down to depths of 65 km by recent tomographic studies [Reyners et al., 2006] . This represents $7 Ma of subduction, and suggests that initiation of vertical axis rotations on the Hikurangi margin may be linked to collision of the Hikurangi Plateau with the subduction margin in the early late Miocene, a period of shortening and tectonic uplift along the entire Hikurangi margin [Buret et al., 1997; King, 2000; Nicol et al., 2002] . This regional tectonic episode also appears to be linked to widespread remagnetization of sediments along the Hikurangi margin: at well constrained sites (Figure 9a ), remanence acquisition dates cluster at 5 -8 Ma, and similar timings are indicated for unconstrained sites if tectonic rotations are extrapolated onto the best fit rotation pattern (Figures 9b and 9c ). Anomalous magnetizations carried by iron sulfides have been linked to migration of gas hydrates [Housen and Musgrave, 1996; Larrasoaña et al., 2007] , or to hydrocarbon seepage [Reynolds et al., 1994] , both of which are potential consequences of the deformation resulting from collision of the Hikurangi Plateau.
Conclusions
[44] New paleomagnetic results from New Zealand, when properly constrained by field tests, provide important new insights into Neogene tectonic rotations on the Hikurangi margin. Our data indicate that large-scale plate boundary forces drive coherent, long-term rotational deformation of the margin, in agreement with the short-term velocity field. Previously reported lateral variations in the rate and magnitude of tectonic rotations south of the Raukumara Peninsula are probably an effect of unrecognized late remagnetizations involving the iron sulfide greigite, which have affected up to 65% of the stably magnetized localities reported here. The mechanism causing the widespread growth of iron sulfides several million years after deposition is poorly understood, but may be linked to uplift and methane hydrate dissociation caused by a regional tectonic event on the Hikurangi margin, possibly associated with collision of the Hikurangi Plateau, in the late Miocene.
[45] To account for clockwise rotations of up to 80°since 7 -10 Ma, 50-60°of which occurred since 5-6 Ma, rotation rates of 8 -14°Ma
À1 with respect to the Australian plate, which are much higher than the present rate of 3 -4°Ma À1 , are required before 1 -2 Ma. Difficulties in obtaining reliable paleomagnetic data, due to widespread late remagnetizations and strong present-day field overprints, mean that rotation of the Hikurangi margin before the late Miocene remains relatively unconstrained, but present data suggest that rates of tectonic rotation were substantially reduced, and possibly zero, before 8 -10 Ma. The northern and southern limits of the rotating fore arc appear to have remained relatively fixed, and are associated with major lateral changes in basement structure of the Hikurangi margin that have maintained longterm discontinuities in intraplate coupling. In contrast, the late Miocene plate boundary zone may have extended much further into the western North Island, and structures in this region may have played an important role in accommodating the large rotations indicated by the paleomagnetic data.
